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Magnetic Weyl semimetals are expected to have extraordinary physical properties
such as a chiral anomaly and large anomalous Hall effects that may be useful for fu-
ture, potential, spintronics applications. 1,2 However, in most known host materials,
multiple pairs of Weyl points prevent a clear manifestation of the intrinsic topolog-
ical effects. Our recent density functional theory (DFT) calculations study suggest
that EuCd2As2 can host Dirac fermions in an antiferromagnetically (AFM) ordered
state or a single pair of Weyl fermions in a ferromagnetically (FM) ordered state. 3
Unfortunately, previously synthesized crystals ordered antiferromagnetically with
TN' 9.5 K. 4 Here, we report the successful synthesis of single crystals of EuCd2As2
that order ferromagnetically (FM) or antiferromagnetically (AFM) depending on
the level of band filling, thus allowing for the use of magnetism to tune the topo-
logical properties within the same host. We explored their physical properties via
magnetization, electrical transport, heat capacity, and angle resolved photoemission
spectroscopy (ARPES) measurements and conclude that EuCd2As2 is an excellent,
tunable, system for exploring the interplay of magnetic ordering and topology.
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2To date, a number of magnetic topological materials have been proposed. GdPtBi 5
is a proposed magnetic field driven Weyl semimetal.6 Multiple Weyl points were found in
canted antiferromagnetic state of YbMnBi2.
7 Furthermore, interesting topological features
have been observed in some ferromagnetic Kagome lattice materials including Co3Sn2S2,
8
Fe3Sn2
9 and FeSn.10 To be more specific, theoretical predictions suggested three pairs of
Weyl points in Co3Sn2S2 with out-of-plane ferromagnetic order, and a giant anomalous
Hall effect and ARPES results support this scenario.8,11–13 Fe3Sn2 has two Dirac cones with
30 meV gap near the Fermi level.9 A flat band and a pair of Dirac bands were observed in
FeSn.10 However, a material with a single pair of Weyl points that readily offers tuning of
its topological states is yet to be found.
Recently, the layered triangular lattice compound EuCd2As2 was identified as a possible
AFM Dirac semimetal with a single Dirac cone located close to the Fermi level when its in-
plane, three fold symmetry is preserved. 14 Subsequently, density functional theory (DFT)
calculations on EuCd2As2 predicted that a FM ordered state with Eu moments aligned
out-of-plane can split the Dirac cone into a single pair of Weyl points. 3 However, previous
experimental studies on EuCd2As2 show an A-type AFM below TN ' 9.5 K that consists of
FM triangular layers stacked antiferromagnetically, with moments pointing in the layer. 4,15,16
Unfortunately, the in-plane three fold symmetry is broken in this spin configuration. In this
case, the Dirac cone is no longer protected and a gap opens. 16 Very recently, an ARPES
study above the AFM transition temperature claimed that the effective breaking of time
reversal symmetry by FM-like fluctuations, associated with strong intralayer FM correlations
of the A-type AFM order, can induce Weyl nodes.17 All of these results point toward the
importance of stabilizing a FM state in EuCd2As2.
Here, by discovering and taking advantage of the chemical tunability of EuCd2As2, we
report the successful growths of single crystals of EuCd2As2 with two different magnetic
ground states: EuCd2As2 that orders magnetically at low temperatures with a ferromagnetic
component to its long range order (FM-EuCd2As2) and EuCd2As2 that orders magnetically
at low temperatures without any detectable ferromagnetic component (AFM-EuCd2As2).
Whereas for many local moment compounds, the desire to tune or change an AFM state to
a FM state can be considered to be an unachievable pipe-dream, in some cases, chemical
substitutions, or even just widths of formation, can be used to accomplish just this feat.
For example in the simple, binary, CeGe2−x system, depending on the value of x, there can
3be either a FM or AFM transitions. 18 Based on our DFT calculations, 3 we expect to have
a topological insulator in the AFM-EuCd2As2 and two pairs of Weyl points in the FM-
EuCd2As2. In addition, a single pair of Weyl points can be further realized with a magnetic
field applied along the crystallographic c direction. (see SI)
Single crystals of both FM-EuCd2As2 and AFM-EuCd2As2 were grown via solution
growth using a salt mixture as flux. The difference in growth procedure between FM-
EuCd2As2 and AFM-EuCd2As2 was the initial stoichiometry of Eu:Cd:As in the salt mixture.
We also grew single crystals of EuCd2As2 using Sn flux and these crystals also manifest AFM
order. We confirmed the crystal structure and composition via X-ray diffraction patterns
and scanning transmission electron microscopy (STEM) with energy dispersive spectroscopy
(EDS). (more details of crystal growth and experiments can be found in SI)
In order to determine the transition temperatures and nature of the magnetic ground state
in these crystals, we conducted specific heat, resistivity, and magnetization measurements.
Figures 1 (a)-(c) show the anisotropic M(H) and H/M(T ) data for the three representa-
tive crystals we have studied: FM(salt)-EuCd2As2, AFM(salt)-EuCd2As2, and AFM(Sn)-
EuCd2As2. At T = 2 K, each of these samples becomes saturated by roughly 20 kOe for
H ‖ c; for H ⊥ c, the M(H) data saturates at progressively lower and lower fields as we
progress from AFM(Sn) to AFM(salt) to FM(salt). All samples displays a magnetic easy
axis that lies within the layers. Whereas the H ⊥ c data in Fig. 1 (a) strongly suggests a
FM state, Figure 1 (d) shows that, indeed, the FM(salt) sample develops an unambiguous
remnant field at H = 0 for full, four-quadrant M(H) loops. Other differences between these
samples include FM(salt) having a resolvably lower µsat and µeff and higher Curie Weiss
theta value than the AFM samples. These data suggest that FM(salt) samples have less
than the full Eu2+ occupancy of the Eu sites. This is consistent with multiple powder X-ray
data sets we have collected and analyzed. Both lab-based as well as synchrotron based data
indicate that the FM(salt) sample have Eu vacancies at the several percent level. (see S.I.)
At a finer level of comparison, the AFM(salt) sample is closer to the AFM(Sn) sample, but
intermediate in its M(H) behavior at 1.8 K and Curie Weiss temperature value. This is an
observation that we will return to once we present our ARPES data in Fig. 3 below.
We can also compare the behavior of FM(salt) and AFM(salt) near their respective
transition temperatures. FM(salt) has a broader, and much higher temperature, feature
than AFM(salt) in the specific heat data as shown in Fig. 1 (e) and (f), respectively. Using
4the peak as a criterion, the transition temperature for FM(salt) is TC ' 26.4 K, and the
transition temperature for AFM(salt) is TN ' 9.2 K. In addition to these transitions, both
EuCd2As2 samples have a broad shoulder at temperatures below TN of TC . The origin of
this additional anomaly can be attributed to the thermal population of the 4f crystal-field
levels that are split by the molecular field acting on Eu ions.19
Figures 1 (e) and (f) also show temperature dependent resistivity derivatives (dρ/dT ) of
FM(salt) and AFM(salt) samples. (ρ(T ) data shown in SI.) Near the magnetic transition
temperature, dρ/dT is found to resemble the specific heat. 20 Clear signatures of a phase
transition are observed for both FM(salt) and AFM(salt). Figure 1 (f) also shows the tem-
perature dependent d(MT/H)
dT
at H = 50 Oe along the crystallographic c axis on AFM(salt)
which also reveals a feature similar to that seen in the specific heat data; 21 this analysis is
formally only appropriate for AFM transitions (not FM ones) and is not shown in Fig.1 (e).
To confirm the FM nature of FM(salt) samples, magneto-optical images were taken at
temperatures above and below the transition temperature (see Fig. 2 as well as SI), and
comparison reveals the formation of magnetic domains below the transition. Similar imaging
was performed on AFM(salt) but no domains were detected at any temperature. (see SI) In
addition to observation of hysteresis, the ferromagnetic domains seen in Fig. 2 (and studied
in further detail in SI) provide a second, clear, indication that there is a net ferromagnetic
component to the ordered state in FM(salt). On the other hand, the data shown in Fig. 1
(d) and SI Fig.S7 are consistent with an antiferromagnetic ground state of AFM(salt).
In order to probe the possible electronic origins that distinguish the FM(salt), AFM(salt)
and AFM(Sn) samples, ARPES measurements were performed at low temperature. (See
Fig. 3) The data clearly show changes in the band filling: there is an almost rigid band shift
of the hole pocket that crosses EF to higher binding energy as we progress from FM(salt)
to AFM(salt) to AFM(Sn). Energy distribution curves at the Γ point shown in Fig. 3
(d) also demonstrate that the top of the inner hole band of FM(salt) is ∼ 120 meV higher
than the one of AFMs. In addition, we observe a smaller size of the pocket in momentum
distribution curve at the EF . (See Fig. 3 (e)) The difference in the band filling between
FM(salt), AFM(salt), and AFM(Sn) could be associated with either Eu-site occupancy or
the ratio of divalent to trivalent (non-magnetic) Eu.
To better correlate the differences in magnetization and band filling between FM(salt)
and AFM(salt) with possible composition differences, we performed STEM on both FM(salt)
5and AFM(salt). The results suggest more Eu vacancies in FM(salt). Color composite,
high-resolution high-angle-annular-dark-field (HAADF) scanning transmission electron mi-
croscopy (STEM) image and EDS elemental mapping of FM(salt) along the [21 1¯ 0¯] crys-
tallographic direction (Figs. 4 (a)-(d)) clearly demonstrate individual Eu, Cd and As atomic
columns. To reveal any possible Eu and Cd site occupancy difference in AFM(salt) and
FM(salt) samples, we directly compared the intensity of Eu, Cd and As columns in HAADF
images of both samples (Figs. 4 (e) and (f)). 22 The images were taken under the same ex-
perimental conditions and sample thickness (∼ 10 nm). Figs. 4 (g) and (h) show line profiles
through the two locations marked in Figs. 4 (e) and (h), respectively. The intensities were
normalized to equal one for As column. Profile A-A’ and C-C’ indicate the intensity of Eu
columns, and profile B-B’ and D-D’ show the intensity of Cd-As pairs. The Eu column of
FM(salt) shows slightly lower intensity (∼ 1.7) than that of AFM(salt) (∼ 1.8), whereas Cd
column indicates almost the same intensity. Figures 4 (i) and (j) show a histogram of the
normalized peak intensities (As peak as 1) for all the atoms in the Figs. 4 (e) and (f), respec-
tively. A theoretical Gaussian fit 22 for the distributions of the different species of the atoms,
based on the standard deviations determined experimentally for the Eu, Cd and As atoms
is overlaid on the figure. It is clearly demonstrated that the Eu columns of FM(salt) has
lower average intensity (1.671) than that of AFM(salt) (1.803), suggesting more vacancies
in FM(salt). The TEM results is also consistent with X-ray results shown in SI. In addition,
the presence of Eu vacancies in FM samples, which will lower the electron count, is also
consistent with ARPES data indicating a lower EF .
Our results show that EuCd2As2 is a rare material that can be tuned from having an
antiferromagnetic ground state to a ferromagnetic one. By changing growth conditions,
EuCd2As2 can be shifted from a TN ' 9.2 K antiferromagnet to a TC ' 26.4 K ferromagnet.
This change in ground state is associated with a clear shift in the electronic structure as well
as measured Eu2+ content. Detailed DFT calculations predict that AFM state is a host to
topological insulator, while FM state hosts two pairs of Weyl points. This can be further
tuned to one pair of Weyl points by polarizing spins along the crystallographic c direction.
This material is therefore an ideal candidate for studies of the interplay of magnetism and
topology and the macroscopic manifestation of Weyl Fermions.
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FIG. 1. Specific heat, resistivity and magnetization data for FM-EuCd2As2 and AFM-
EuCd2As2 (a)-(c) Magnetic field dependent magnetization with the field parallel to the c axis
(black filled circle) and perpendicular to the c axis (red open circle) at 2 K for FM-EuCd2As2, AFM-
EuCd2As2, and Sn flux grown AFM-EuCd2As2 respectively. Inset shows the inverse susceptibility
with Curie-Weiss fitting. (d) A comparison between the magnetic field dependent magnetization
for the three samples, FM-EuCd2As2, AFM- EuCd2As2, and Sn flux grown AFM-EuCd2As2, in the
low field regime between -1000 Oe to 1000 Oe. All the measurements shown were done with the field
perpendicular to the c-axis. (e) Temperature dependent specific heat CP (black line, left axis) and
resistivity derivatives (red line, right axis) for FM-EuCd2As2. (f) Temperature dependent specific
heat CP (black line, left axis), resistivity derivatives (red line, right axis) and d(MT/H)/dT at
H‖c = 50 Oe (blue line, the second right axis) for AFM-EuCd2As2.
8a        FM(salt)-EuCd2As2, T = 8 K
b                                      T = 70 K
FIG. 2. Magneto optical image of FM(salt)-EuCd2As2 (a) Ferromagnetic domains below TC
imaged at T = 8 K. (b) Absence of domains above the transition, imaged at T = 70 K. Orange area
on the left image is copper sample holder.
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FIG. 3. ARPES measurement of band structure of FM(salt)-EuCd2As2, AFM(salt)-
EuCd2As2, and AFM(Sn)-EuCd2As2. ARPES intensity plot along a cut through Gamma
point for: (a) FM(salt) at T = 40 K. (b) AFM(salt) at T = 40 K. (c) Electronic structure of AFM(Sn)
at T ∼ 11 K. (d) Energy distribution curve at the zero momentum of FM(salt), AFM(salt), and
AFM(Sn) with black, red and blue lines respectively. Dashed lines indicate the energy of top of
the inner hole band for FM(salt) and AFM(salt). (e) Momentum distribution curves (MDC) at
EF of FM(salt), AFM(salt), and AFM(Sn) with black, red and blue line respectively. Dashed lines
(black for FM(salt), red for AFM(salt), and blue for AFM(Sn)) are indicating the peak positions
of MDCs that mark the value of the Fermi momentum.
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FIG. 4. HAADF STEM and EDS analysis of FM(salt)-EuCd2As2 and AFM(salt)-
EuCd2As2 along [21 1¯ 0¯] zone axis. (a) High resolution HAADF-STEM image of FM(salt)
superimposed with color composite EDS elemental maps, and overlaid atomic model. (b)-(d),
Atomically resolved EDS map of Eu, Cd and As taken from the same area of (a). (e)-(f) High
resolution HAADF image of FM(salt) and AFM(salt), respectively. (g)-(h) Line profiles showing
the image intensity (normalized to equal one for As column) as a function of position in image
(e) along A-A’ and B-B’, and positions in image (f) along C-C’ and D-D’, respectively. (i)-(j),
Histogram of the intensities of atomic image maxima in the area of (e) and (f), respectively.
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I. SUPPLEMENTARY INFORMATION
A. Methods
Single crystals of EuCd2As2 were grown using salt (NaCl/KCl) as flux. We followed a
procedure qualitatively similar to that describe in Ref. 4 with quantitative modifications: Eu
(Ames Laboratory, 99.99+ %), Cd (Alfa Aesar, 99.9997 %) and As (Alfa Aesar, 99.9999 %)
were weighed in the molar ratio of 1:2:2 for FM(salt)-EuCd2As2 and 1.75:2:2 for AFM(salt)-
EuCd2As2, and mixed with fourfold mass ratio of an equimass mixture of NaCl (Alfa Aesar,
ultra dry, 99.99 %) and KCl (Alfa Aesar, ultra dry, 99.95 %). All the elements and salts
were weighted and put into a fused silica tube in a glove box with an Ar atmosphere. We
minimized the air exposure by attaching a Swagelok ball-valve to the tube when we move
it from the glove box to glass-sealing bench. After sealing the first fused silica ampoule,
we put it into the second fused silica tube, which has slightly larger diameter, with silica
wool supporting it on both ends. The nested ampoules were then heated to 469 ◦C over 25
hours, held for 24 hours, then heated to 597 ◦C and held for 24 hours, and finally heated up
to 847 ◦C, and subsequently slowly cooled to 630 ◦C over 44 hours. We took the ampoule
out of the furnace at 630 ◦C and quenched in air, in order to avoid single crystal growth
of the binary, CdAs2, phase. The resulting EuCd2As2 crystals were hexagonal plates with
the crystallographic c axis perpendicular to the crystal surface as shown in Fig. S1 (g). Sn
flux grown single crystals of EuCd2As2 were grown with following procedure. An initial
stoichiometry of Eu:Cd:As:Sn = 1:2:2:10 was put into a fritted alumina crucible (CCS) 23
and sealed in fused silica tube under a partial pressure of argon. The thus prepared ampoule
was heated up to 900◦C over 24 hours, and held there for 20 hours. This was followed by a
slow cooling to 500◦C over 200 hours, and decanting of the excess flux using a centrifuge.
Magnetization measurements were performed in a Quantum Design, Magnetic Property
Measurement System, SQUID magnetometer. The samples were mounted on a Poly-Chloro-
Tri-Fluoro-Ethylene disk, and the separately measured background was subtracted. The
magnetization values for all three samples are calculated using molecular weight correspond-
ing to the stoichiometric EuCd2As2.
Temperature dependent electrical transport measurements were carried out in a Quantum
Design Physical Property Measurement System for temperature range of 2 K≤ T ≤ 300 K.
12
The samples for electrical transport measurements were prepared by attaching four Pt wires
using Epotek-H20E silver epoxy and DuPont 4929N silver paint. The current was applied in
ab plane with I = 1 mA and f = 17 Hz. Temperature dependent specific heat measurements
on conglomerates of EuCd2As2 crystallites, using a hybrid adiabatic relaxation technique of
the heat capacity option in a Quantum Design, Physical Property Measurement System.
Temperature magneto-optical Kerr-effect imaging was performed using a helium flow-
type cryostat with the ability to apply a magnetic field. 24,25 Linearly polarized light optical
imaging was done using a Leica DMLM microscope equipped with high quality polarizer and
analyzer. In the experiment, the sample is positioned on a gold-plated copper cold finger
with its flat surface perpendicular to the light propagation direction. The light polarization
direction, also perpendicular to the light direction, was controlled by a polarizer and could
be changed with respect to the stationary sample.
In the magnetically ordered phase, the magnetic permittivity depends on the angle be-
tween the polarization direction of the incoming light and the direction of spontaneous
magnetization which results in ferromagnetic domains of different orientations having dif-
ferent brightness and color contrast when observed through an analyzer oriented almost
perpendicular to the polarizer axis. The small angle is required to induce asymmetry of
the appearance of the domains of different orientation. No contrast is expected in the an-
tiferromagnetic state where microscopic magnetization averages to zero at the scale of a
wavelength, about 600 nm.
Samples used for ARPES measurements were cleaved in situ at 40 K under ultrahigh
vacuum (UHV). The data were acquired using a tunable VUV laser ARPES system, that
consists of a Omicron Scienta DA30 electron analyzer, a picosecond Ti:Sapphire oscillator
and fourth harmonic generator. 26 Data were collected with photon energies of 6.7 eV. Mo-
mentum and energy resolutions were set at ∼ 0.005 A˚−1 and 2 meV. The diameter of the
photon beam on the sample was ∼ 30µm.
TEM specimens were prepared by focused ion beam system (FIB, FEI Helios NanoLab
G3). Both samples were lifted-out from crystal surface that cleaved right before sample
preparation. The FM(salt) and AFM(salt) samples were prepared at the same FIB session
and loaded to the same TEM grid to minimize the effect of surface oxidation. Scanning
transmission electron microscopy (STEM) was performed on a probe aberration corrected
Titan Themis STEM equipped with a Super-X EDS detector. STEM analysis was conducted
13
at 200 kV using a sub-angstrom electron probe with a convergence angle of 18 mrad and
a detection angle of 74-200 mrad. High-resolution high angle annular dark field (HAADF)
images were acquired by using the drift corrected frame integration (DCFI) function in Velox
software (Thermo Fisher) to improve the image quality with reducing shifts and instabilities.
The individual frames were taken with a dwell time of 800 ns and a probe current of ∼ 20 pA.
The 40 frames were aligned and combined. Electron energy loss spectroscopy (EELS) was
performed using a Gatan Quan ER 965 with a collection angle of 26 mrad.
B. DFT calculations
Band structure with spin-orbit coupling (SOC) in DFT 27,28 has been calculated with
the PBE7 exchange-correlation functional, a plane-wave basis set and projected augmented
wave method 29 as implemented in VASP. 30,31 To account for the half-filled strongly localized
Eu 4f orbitals, a Hubbard-like 32 U value of 5.0 eV is used. For bulk band structures of
FM-EuCd2As2, a Monkhorst-Pack
33 (11 11 7) k-point mesh with a Gaussian smearing of
0.05 eV including the Γ point and a kinetic energy cutoff of 318 eV have been used. For
AFM-EuCd2As2, the hexagonal unit cell is doubled along c direction with a (11 11 3) k-
point mesh. Experimental lattice parameters 4 have been used with atoms fixed in their
bulk positions. A tight-binding model based on maximally localized Wannier functions 34–36
was constructed to closely reproduce the bulk band structure including SOC in the range
of EF ± 1 eV with Eu sdf , Cd sp and As p orbitals. Then the 2D Fermi surface, including
the Fermi arcs of semi-infinite surfaces, were calculated with the surface Greens function
methods 37–40 as implemented in Wannier Tools. 41
Based on our DFT calculations, shown in Fig. 5, we expected to have a self-doped topo-
logical insulator in AFM-EuCd2As2 (Fig. 5 (a) and (d)) and two pairs of Weyl points in
FM-EuCd2As2 (Fig. 5 (b), (e) and (h)). In addition, a single pair of Weyl points can be fur-
ther realized with the applied magnetic field along the crystallographic c direction. (Fig. 5
(c), (f) and (i))
The band inversion around the Γ point between the conduction band (derived from Cd
s orbital) and valence band (derived from As p orbitals) is evident in Fig. 5 (d) for AFM-
EuCd2As2. Each band is doubly degenerate due to the effective time reversal symmetry
(ETRS) 42 S= Θτ1/2, where Θ is the time reversal operation and τ1/2 is the non-symmorphic
14
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FIG. 5. DFT calculation results of AFM-EuCd2As2, in-plane FM-EuCd2As2 and out-of-
plane FM-EuCd2As2 Spin structure of a, AFM, b, in-plane FM, and c, out-of-plane FM. Bulk
band structures along kz near Γ point of different magnetic configurations: d, AFM, e, in-plane
FM, and f, out-of-plane FM. The green shade shows the projection on As p orbitals. g, Triangular
symmetry of Eu sites in in-plane (ab plane) and picture of the single crystal of EuCd2As2. h, Fermi
arc of the in-plane FM configuration on (001) surface. Weyl points projection on the arc plots,
+1 in red and -1 in blue i, Fermi arc of the out-of-plane FM configuration on (110) surface. Weyl
points projection on the arc plots, +1 in red and -1 in blue
translation along c. When the AFM moment is in-plane, breaking the 3-fold rotation sym-
metry, the band inversion gives a self doped strong topological insulator state, AFM-TI or
AFM-TCI.
For FM, the ETRS is broken. Thus, the double degeneracy of each band is lifted as seen
in Fig. 5 (e) and (f). When the FM moment is in-plane and along a direction (Fig. 5 (e)),
or ky direction, the conduction and valence bands are almost touching along kz near the Γ
point. Each of the DP is split into two Weyl points (WPs) along ky direction at (0.000,
15
± 0.002, ± 0.017 1/A˚; 0.011 eV). When projected on (001) surface, the WPs of the same
chirality from these two pairs of WPs overlap and give Fermi arcs that merge into a circular
Fermi surface as shown in Fig. 5 (h). Interestingly, when the FM moment is out-of-plane
and along c direction (Fig. 5 (f)), or kz direction, one pair of WPs split from the DPs are
pushed over the Γ point and annihilated, whereas the other pair survives and is pushed
away from Γ point, thus resulting in the case of a single pair WPs at (0.000, 0.000, ± 0.030
1/A˚; 0.048 eV). The Fermi arc of such single pair of WPs when projected on (110) surface
is shown in Fig. 5 (i).
C. X-ray diffraction pattern and elemental analysis
1. Benchtop x-ray experiments
A Rigaku MiniFlex diffractometer (Cu Kα1 and Kα2 radiation) was used for acquiring x-
ray diffraction (XRD) patterns at room temperature. Data are shown in Fig. 6 along with fits
made via Rietveld refinements using fullprof 43. Table I lists the parameters determined
from the refinements, which support the fact that the Eu crystallographic site has partial
occupancy of 0.96(1) for the ferromagnetic sample. Note that for the antiferromagnetic
sample, allowing the Eu site occupancy to vary generated non-physical (means over 100 %)
results. Hence, the occupancy was fixed at 1. Similarly, the occupancy of the Cd and As sites
could not be varied for either sample. Results for the antiferomagnetic sample are similar to
previously published results, although the values for the thermal parameter B are somewhat
larger than previously reported: BEu = 1.08(6), BCd = 1.27(7), and BAs = 1.09(7)
16. These
results are qualitatively similar to our analysis of effective and saturated moments based
on the data shown in Figs. 1 (c), (d); i.e. FM(salt)-EuCd2As2 has a reduced Eu occupancy
relative to AFM(salt)-EuCd2As2.
2. High-energy x-ray experiments
High-resolution high-energy x-ray powder diffraction (HEXRD) data were collected at the
11-BM beamline44 at the Advanced Photon Source, Argonne National Laboratory, using an
average x-ray wavelength of λ = 0.45786 A˚ (E = 27.079 keV). An analyzer system comprised
16
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FIG. 6. Room temperature benchtop x-ray diffraction data for powder samples of ferromagnetic
a and antiferromagnetic b EuCd2As2. Lines show the fits made via Rietveld refinements and the
difference between the data and the fit. Tick marks indicate Bragg peak positions.
TABLE I. Parameters determined from Reitveld refinements of room temperature X-ray diffraction
data taken on powder samples of FM(salt) and AFM(salt) EuCd2As2. Refinements were made
using space group P3¯m1 with Eu at the 1a (0, 0, 0) Wyckoff position, and Cd and As at the
2d (1/3, 2/3, z) Wyckoff position.
FM(salt)-EuCd2As2 AF(salt)-EuCd2As2
a (A˚) 4.4365(2) 4.4398(2)
c (A˚) 7.3247(4) 7.3277(4)
Eu Site Occupancy 0.96(1) 1.00
zCd 0.6342(5) 0.6339(5)
zAs 0.2515(8) 0.2459(8)
BEu (A˚
2) 2.4(3) 3.0(2)
BCd (A˚
2) 2.1(2) 2.8(2)
BAs (A˚
2) 2.0(2) 2.1(2)
χ2 1.89 1.69
of twelve perfect Si(111) analyzers and twelve LaCl3 scintillators spaced 2° apart in scattering
angle 2θ45 were employed along with discrete detectors covering a 22° angular range. During
the measurements, the detectors were scanned at a speed of 0.01°/s over a 34° range with
data points collected every 0.001°. This process resulted in data covering 2θ ≈ 0.5 to 50°. A
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mixture of NIST standard reference materials, Si (SRM 640c) and Al2O3 (SRM 676) were
used to calibrate the instrument, where the Si lattice constant was used to determine the
wavelength for each detector. Corrections were applied for detector sensitivity, 2θ offset,
small differences in wavelength between detectors, and the source intensity, as noted by an
ion chamber, before merging the data into a single set of intensities evenly spaced in 2θ.
During measurements, the sample was spun at ≈ 90 Hz after mounting by a Mitsubishi
robotic arm46 and cooled down to T = 100 K using an Oxford Cryosystems Cryosteam Plus
device.
Results from Reitveld refinements made using gsas47 with expgui48 are presented in
Fig. 7 and Table II. A correction for x-ray absorption and appropriate anomalous dispersion
coefficients were included in the refinements. In contrast to the benchtop XRD data, the
occupancy for all three sites could be refined, and the Eu crystallographic site of the AF
sample is found to have full occupancy. On the other hand, similar to the benchtop x-ray
results, the HEXRD show that the Eu site of the FM sample is only partially occupied.
Thus, the room temperature benchtop XRD and T = 100 K HEXRD data indicate that for
a given temperature both the AF and FM samples show similar crystallographic parameters
with the significant exception being less than full occupancy of the Eu site for the FM
sample. It should be noted that comparison of Eu occupancy based on X-ray or STEM
analysis with Eu2+ occupancy based on magnetization data suggest that there may well be
some degree of Eu3+ present in all samples.
In addition, FM(salt) and AFM(salt) samples shows the same hexagonal structure (hP5,
P3¯m1 space group), as confirmed by selected area electron diffraction patterns along the [21
1¯ 0¯] zone axis (Fig. 8).
D. Temperature dependent resistivity
Figure 9 shows temperature dependent resistivity of FM(salt)-EuCd2As2 and AFM(salt)-
EuCd2As2 in zero applied magnetic field over the 2-300 K range. These are the data used
to determine dρ/dT plots shown in Figure. 1. The resistivity upturn above the transition
temperature (see Fig. 9) may be due to enhanced scattering on magnetic fluctuations. 17
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TABLE II. Parameters determined from Reitveld refinements of high-energy (E = 27.079 keV) x-
ray diffraction data taken on powder samples of FM(salt) and AFM(salt)-EuCd2As2 at T = 100 K.
Refinements were made using space group P 3¯m1 with Eu at the 1a (0, 0, 0) Wyckoff position, and
Cd and As at the 2d (1/3, 2/3, z) Wyckoff position.
FM(salt)-EuCd2As2 AF(salt)-EuCd2As2
a (A˚) 4.43021(1) 4.43219(1)
c (A˚) 7.30240(2) 7.30436(1)
Eu Site Occupancy 0.989(4) 1.001(4)
Cd Site Occupancy 0.999(4) 0.998(4)
As Site Occupancy 1.001(6) 1.002(4)
zCd 0.63332(6) 0.63289(7)
zAs 0.24660(8) 0.24741(9)
BEu (A˚
2
) 0.07(1) 0.02(1)
BCd (A˚
2
) 0.12(1) 0.08(1)
BAs (A˚
2
) 0.07(1) 0.05(1)
χ2 1.961 1.615
E. Magneto optics
The ferromagnetic domains shown in Fig. 2 can be manipulated by applied fields. Fig-
ure. 10 presents images showing the influence of a relatively weak magnetic field which is
oriented perpendicular to the surface of the sample. In the circled area, we can see a domain
growing in the 1 kOe applied, transverse, field.
In contrast to the magneto optical images of FM(salt)-EuCd2As2 shown in Fig. 2 and
Fig. 10, magneto optical images were taken of AFM(salt)-EuCd2As2 at temperatures above
and below the transition temperature (see Fig. 11), show that no domains were detected at
any temperature.
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FIG. 7. High-energy x-ray diffraction data for powder samples of ferromagnetic a and antiferro-
magnetic b EuCd2As2 cooled down to T = 100 K. For better fitting, the peaks associated with
impurities or apparent artifacts were removed. Lines show the fit made via Reitveld refinements
and the difference between the data and the fit. Tick marks indicate Bragg peak positions.
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FIG. 8. Electron diffraction patterns of FM(salt)-EuCd2As2 and AFM(salt)-EuCd2As2
Selected area Electron diffraction patterns taken from FM(salt)-EuCd2As2 and AFM(salt)-
EuCd2As2 on [21 1¯ 0¯] zone axis.
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FIG. 9. Temperature dependent resistivity a, FM(salt)-EuCd2As2 and b, AFM(salt)-
EuCd2As2.
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FIG. 10. Applied magnetic field effect on domains of FM(salt)-EuCd2As2 Shift of mag-
netic domains by a transverse magnetic field (out of page) at T = 10 K. Circled area shows contrast-
enhanced region shown on the left where the effect is particularly noticeable. Orange areas around
the sample shows copper substrate.
AFM-EuCd2As2
T = 5.25 K T = 8 K T = 60 K
FIG. 11. Magneto optical image of AFM(salt)-EuCd2As2 Absence of magnetic domains
below TN = 9 K. The image remains unchanged and shows no pattern above, just below and low
temperatures with respect to TN.
22
REFERENCES
∗ These two authors contributed equally
† canfield@ameslab.gov
1 B. Yan and C. Felser, Annual Review of Condensed Matter Physics 8, 337 (2017).
2 S. S.-L. Zhang, A. A. Burkov, I. Martin, and O. G. Heinonen, Phys. Rev. Lett. 123, 187201
(2019).
3 L. L. Wang, N. H. Jo, B. Kuthanazhi, Y. Wu, R. J. McQueeney, A. Kaminski, and P. C.
Canfield, Phys. Rev. B 99, 245147 (2019).
4 Schellenberg, Inga and Pfannenschmidt, Ulrike and Eul, Matthias and Schwickert, Christian
and Po¨ttgen, Rainer, Zeitschrift fu¨r anorganische und allgemeine Chemie 637, 1863 (2011).
5 P. C. Canfield, J. Thompson, W. Beyermann, A. Lacerda, M. Hundley, E. Peterson, Z. Fisk,
and H. Ott, Journal of applied physics 70, 5800 (1991).
6 M. Hirschberger, S. Kushwaha, Z. Wang, Q. Gibson, S. Liang, C. A. Belvin, B. A. Bernevig,
R. J. Cava, and N. P. Ong, Nature materials 15, 1161 (2016).
7 S. Borisenko, D. Evtushinsky, Q. Gibson, A. Yaresko, K. Koepernik, T. Kim, M. Ali, J. van den
Brink, M. Hoesch, A. Fedorov, E. Haubold, Y. Kushnirenko, I. Soldatov, R. Scha¨fer, and R. J.
Cava, Nature Communications 10, 3424 (2019).
8 E. Liu, Y. Sun, N. Kumar, L. Muechler, A. Sun, L. Jiao, S.-Y. Yang, D. Liu, A. Liang, Q. Xu,
et al., Nature Physics 14, 1125 (2018).
9 L. Ye, M. Kang, J. Liu, F. Von Cube, C. R. Wicker, T. Suzuki, C. Jozwiak, A. Bostwick,
E. Rotenberg, D. C. Bell, et al., Nature 555, 638 (2018).
10 M. Kang, L. Ye, S. Fang, J.-S. You, A. Levitan, M. Han, J. I. Facio, C. Jozwiak, A. Bostwick,
E. Rotenberg, et al., arXiv preprint arXiv:1906.02167 (2019).
11 X. Lin, S. L. Bud’ko, and P. C. Canfield, Philosophical Magazine 92, 2436 (2012).
12 Q. Xu, E. Liu, W. Shi, L. Muechler, J. Gayles, C. Felser, and Y. Sun, Phys. Rev. B 97, 235416
(2018).
13 D. Liu, A. Liang, E. Liu, Q. Xu, Y. Li, C. Chen, D. Pei, W. Shi, S. Mo, P. Dudin, T. Kim,
C. Cacho, G. Li, Y. Sun, L. X. Yang, Z. K. Liu, S. S. P. Parkin, C. Felser, and Y. L. Chen,
23
Science 365, 1282 (2019).
14 G. Hua, S. Nie, Z. Song, R. Yu, G. Xu, and K. Yao, Phys. Rev. B 98, 201116 (2018).
15 H. P. Wang, D. S. Wu, Y. G. Shi, and N. L. Wang, Phys. Rev. B 94, 045112 (2016).
16 M. C. Rahn, J.-R. Soh, S. Francoual, L. S. I. Veiga, J. Strempfer, J. Mardegan, D. Y. Yan,
Y. F. Guo, Y. G. Shi, and A. T. Boothroyd, Phys. Rev. B 97, 214422 (2018).
17 J.-Z. Ma, S. Nie, C. Yi, J. Jandke, T. Shang, M. Yao, M. Naamneh, L. Yan, Y. Sun, A. Chikina,
et al., Science Advances 5, eaaw4718 (2019).
18 S. L. Bud’ko, H. Hodovanets, A. Panchula, R. Prozorov, and P. C. Canfield, Journal of Physics:
Condensed Matter 26, 146005 (2014).
19 C. Marquina, N.-T. Kim-Ngan, K. Buschow, J. Franse, and M. Ibarra, Journal of Magnetism
and Magnetic Materials 157-158, 403 (1996), european Magnetic Materials and Applications
Conference.
20 M. E. Fisher and J. S. Langer, Phys. Rev. Lett. 20, 665 (1968).
21 M. E. Fisher, Philos. Mag. 7, 1731 (1962).
22 O. L. Krivanek, M. F. Chisholm, V. Nicolosi, T. J. Pennycook, G. J. Corbin, N. Dellby, M. F.
Murfitt, C. S. Own, Z. S. Szilagyi, M. P. Oxley, et al., Nature 464, 571 (2010).
23 P. C. Canfield, T. Kong, U. S. Kaluarachchi, and N. H. Jo, Philos. Mag. 96, 84 (2016).
24 A. Kreyssig, R. Prozorov, C. D. Dewhurst, P. C. Canfield, R. W. McCallum, and A. I. Goldman,
Phys. Rev. Lett. 102, 047204 (2009).
25 M. A. Tanatar, A. Kreyssig, S. Nandi, N. Ni, S. L. Bud’ko, P. C. Canfield, A. I. Goldman, and
R. Prozorov, Phys. Rev. B 79, 180508 (2009).
26 R. Jiang, D. Mou, Y. Wu, L. Huang, C. D. McMillen, J. Kolis, H. G. Giesber, J. J. Egan, and
A. Kaminski, Review of Scientific Instruments 85, 033902 (2014).
27 P. Hohenberg and W. Kohn, Phys. Rev. 136, B864 (1964).
28 W. Kohn and L. J. Sham, Phys. Rev. 140, A1133 (1965).
29 P. E. Blo¨chl, Phys. Rev. B 50, 17953 (1994).
30 G. Kresse and J. Furthmu¨ller, Phys. Rev. B 54, 11169 (1996).
31 G. Kresse and J. Furthmller, Comput.Mater. Sci 6, 15 (1996).
32 S. L. Dudarev, G. A. Botton, S. Y. Savrasov, C. J. Humphreys, and A. P. Sutton, Phys. Rev.
B 57, 1505 (1998).
33 H. J. Monkhorst and J. D. Pack, Phys. Rev. B 13, 5188 (1976).
24
34 N. Marzari and D. Vanderbilt, Phys. Rev. B 56, 12847 (1997).
35 I. Souza, N. Marzari, and D. Vanderbilt, Phys. Rev. B 65, 035109 (2001).
36 N. Marzari, A. A. Mostofi, J. R. Yates, I. Souza, and D. Vanderbilt, Rev. Mod. Phys. 84, 1419
(2012).
37 D. H. Lee and J. D. Joannopoulos, Phys. Rev. B 23, 4988 (1981).
38 D. H. Lee and J. D. Joannopoulos, Phys. Rev. B 23, 4997 (1981).
39 M. P. L. Sancho, J. M. L. Sancho, and J. Rubio, Journal of Physics F: Metal Physics 14, 1205
(1984).
40 M. P. L. Sancho, J. M. L. Sancho, J. M. L. Sancho, and J. Rubio, Journal of Physics F: Metal
Physics 15, 851 (1985).
41 Q. Wu, S. Zhang, H.-F. Song, M. Troyer, and A. A. Soluyanov, Computer Physics Communi-
cations 224, 405 (2018).
42 R. S. K. Mong, A. M. Essin, and J. E. Moore, Phys. Rev. B 81, 245209 (2010).
43 J. Rodrguez-Carvajal, Physica B: Condensed Matter 192, 55 (1993).
44 J. Wang, B. H. Toby, P. L. Lee, L. Ribaud, S. M. Antao, C. Kurtz, M. Ramanathan, R. B.
Von Dreele, and M. A. Beno, Review of Scientific Instruments 79, 085105 (2008).
45 P. L. Lee, D. Shu, M. Ramanathan, C. Preissner, J. Wang, M. A. Beno, R. B. Von Dreele,
L. Ribaud, C. Kurtz, S. M. Antao, et al., Journal of synchrotron radiation 15, 427 (2008).
46 B. H. Toby, Y. Huang, D. Dohan, D. Carroll, X. Jiao, L. Ribaud, J. A. Doebbler, M. R.
Suchomel, J. Wang, C. Preissner, et al., Journal of Applied Crystallography 42, 990 (2009).
47 A. C. Larson and R. B. Von Dreele, Report LAUR , 86 (1994).
48 B. H. Toby, Journal of applied crystallography 34, 210 (2001).
